Abstract: Challenges in the emasculation of female parent panicles and limited morphological variation among canary seed (Phalaris canariensis L.) genotypes has resulted in a need for molecular markers to assess hybridity and seed purity. Codominant simple sequence repeat (SSR) markers can be used to assess hybridity and purity instead of a grow-out test. A set of 15 SSR markers was used to assess hybridity of 10 F 1 -derived F 2 families developed from a cross between two glabrous lines: a yellow-seeded C05091 (female parent) and a brown-seeded C00038 (male parent). The two most informative SSR markers, CSM8 and CSM39, could confirm that 9 of 10 families were hybrids due to the presence of a marker allele from the male parent. Three SSR markers, CSM58, CSM85, and CSM102, allowed us to assess the genetic identity of four experimental canary seed lines: C08019, C08046, C09052, and C10022. The three markers also identified the physical admixture in 1 of 16 batches of seeds.
Introduction
Annual canary grass, commonly known as canary seed (Phalaris canariensis L.), is a self-pollinated diploid cereal (2n = 12) with a genome size of 3800 Mbp (1C) (Bennett and Smith 1976) . Canary seed is an annual cereal crop produced primarily in Canada, Thailand, and Argentina. Canada is the world's largest producer of canary seed, accounting for an estimated 64% of global production (FAOSTAT 2013) . Canary seed is one of the specialty crops grown in western Canada. In the 2015-2016 crop year in Canada, 132 000 ha were seeded to canary seed with a production of 149 000 t (Agriculture and Agri-Food Canada 2017) . Canada exports approximately 126 000 t of canary seed to different regions of the world.
Currently, canary seed is mainly used as a feed mixture for caged and wild birds. In canary seed, starch is the predominant storage compound, followed by protein (19%) and lipids (Abdel-Aal et al. 1997) . Ash content and the concentrations of many important minerals and vitamins are higher in canary seed than other cereal grains; however, fibre and soluble sugar contents are lower in canary seed than in wheat. Canary seed has also received much attention as a potential cereal for human consumption as it is gluten free (Patterson 2011) . In the past, a major impediment for human consumption of canary seed was the siliceous trichrome or hairs which cover the hull attached to the seed and can contaminate the groat during dehulling (Abdel-Aal et al. 2010 ). These hairs caused irritation when in contact with human skin or lungs and were reported as potential carcinogens (O'Neill et al. 1980; Putnam et al. 1996) . This problem has been addressed through the production of glabrous cultivars (Abdel-aal and Hucl 2005) . In 2016, Health Canada approved the sale of glabrous canary seed in Canada as food (https://www.canada.ca/en/health-canada/ services/food-nutrition/genetically-modified-foods-othernovel-foods/approved-products/novel-food-information-gla brous-canary-seed-phalaris-canariensis.html). Yellowseeded lines (e.g., C05041 and C05091) were developed that would be more aesthetically pleasing for human consumption than the brown-seeded canary seed cultivars. Breeding efforts at the Crop Development Centre of the University of Saskatchewan, Saskatoon, SK, are focused on developing high-yielding, glabrous, yellowseeded cultivars. Currently, the general trend among Canadian canary seed growers is to cultivate pubescent cultivars due to their yield advantage.
Plant breeding involves hybridization between two or more parents and selection of the hybrid progenies for further advancements. A cytoplasmic genetic male sterility system (CGMS) or emasculation of the female parent is needed to ensure hybridity of the progenies. In the absence of reported CGMS in canary seed and with the challenges associated with emasculation of the compact panicles of canary seed, molecular techniques would be beneficial to confirm the hybridity of progeny in this selfpollinated cereal. Furthermore, the genetic purity of the inbred experimental lines during the multiplication stages can be contaminated due to outcrossing (Matus-Cádiz and Hucl 2006) and physical admixtures. Genetic purity tests can verify any deviation from genuineness of the variety during its multiplication stage (Pallavi et al. 2011) .
Traditionally, grow-out tests (GOT), based on morphological traits, are conducted for hybridity testing and to assess genetic identity. GOT are time-consuming (taking one full growing season for completion) and resourcedemanding and often do not allow the unequivocal identification of genotypes (Sundaram et al. 2008) . Morphological markers are few, time-consuming, and dependent on environment. On the other hand, a large number of DNA markers can be assessed in a relatively short time and are independent of environment (Pallavi et al. 2011) . Among DNA markers codominant markers such as microsatellites or simple sequence repeat (SSR) markers are preferred for their high repeatability and ability to distinguish heterozygous from homozygous individuals. These markers were found to be useful in rapidly assessing hybrids and parental line genetic identities and as an alternative to GOT (Yashitola et al. 2002; Sundaram et al. 2008 ). To precisely assess hybridity or the genetic identity of seeds, a set of informative microsatellite markers is needed that clearly differentiates the parental lines and amplify specific or unique allele combinations in the hybrids (Sundaram et al. 2008) .
In canary seed, 132 microsatellite primers were developed, from which 78 functional markers amplified unique products from canary seed DNA. The polymorphic information content (PIC) of 37 of these marker values ranged from 0.08 to 0.73 in a panel of 48 canary seed accessions (Li et al. 2011) . Ten F 2 families of canary seed from a cross between two glabrous lines, a female parent C05091 (yellow seeds) and a male parent C00038 (brown seeds), were assessed for hybridity using microsatellite markers. A set of polymorphic microsatellite markers with a PIC range of 0.35-0.73 were successfully used to confirm hybridity in 10 F 2 families. A subset of microsatellite markers also assessed the genetic identity of four experimental canary seed lines: C08019, C08046, C09052, and C10022.
Materials and Methods

Plant material and DNA extraction
Ten F 2 families of canary seed (P. canariensis) were developed from a cross between two high yielding parents, female parent C05091 (yellow seed) and male parent C00038 (brown seed), using the approach method (Matus-Cádiz et al. 2003) . Cross-pollination was achieved by covering panicles from adjacent rows with handmade onion skin crossing bags. The F 1 seeds were harvested, threshed, and seeded into plots. Resultant panicles of F 1 -derived F 2 plants were individually assessed for brown coloured seeds and then analyzed for hybridity using microsatellite markers. The outcrossing rate for canary seed is approximately 2% (Matus-Cádiz and Hucl 2006), therefore specific plants used for making the cross were not analyzed by DNA markers. For seed genetic identity study, seeds from four canary seed lines (C08019, C08046, C09052, and C10022) were planted in four plots [A, B, C, and D, where A was located in Swift Current, SK, and B, C, and D were in Kernen, SK, in 2012] . Harvested seeds from these plots were grown in a growth chamber for isolation of genomic DNA. Remnant seeds from the previous year of production (2011) for each line were considered as controls for each line. To grow plants in the growth chamber, seeds were germinated in Petri dishes lined with moist filter paper. Germinated seedlings were transferred to pots in a growth chamber (16 h photoperiod, 280 μmol m −2 photosynthetic photon flux density, 23°C). DNA was extracted from young leaves (3-4 leaf stage) using the cetyl trimethylammonium bromide method as described in Doyle and Doyle 1990 .
Identification of polymorphic SSR markers
For the hybridity study and genetic identity assessment extracted DNA was used in a polymerase chain reaction (PCR) using 15 SSR primers of relatively high PIC (Table 1) (Li et al. 2011 ) to identify SSR primers that could distinguish between the two parental lines for hybridity testing and among the four control lines for purity testing. The PCR reaction mixture (25 μL) contained 5 pmol of each primer, 0.2 mM of each deoxynucleotide, 10 mM tris(hydroxymethyl)aminomethaneHCl (pH 8.8), 50 mM KCl, 2.5 mM MgCl 2 , 1 unit Taq polymerase (Thermo Fisher Scientific Inc., Burlington, ON), and 100 ng of DNA template. PCR reactions were performed using a MyCycler thermal cycler (Bio-Rad Laboratories Inc., Mississauga, ON). Initial denaturation was performed at 94°C for 5 min, followed by 30 cycles at 94°C for 1 min, annealing at optimized temperatures for 30 s, and extension at 72°C for 90 s. A final extension step of 10 min at 72°C was done and PCR products were assessed on 1.5% agarose gel along with a DNA ladder and then analyzed on a sequencing gel (6% polyacrylamide) as previously described (Li et al. 2011) .
Results and Discussion
Hybridity confirmation of F 2 families
The two parents used to develop the F 2 families differed in seed colour: the female parent C05091 was yellow-seeded and the male parent C00038 was brownseeded. A comprehensive study of inheritance of seed colour traits in canary seed with crosses between brownand yellow-seed coloured lines showed that the yellow seed colour trait was inherited as a single recessive gene (Matus-Cádiz et al. 2003) . To assess for any segregation for seed traits in the female parent, C05091 (yellow seed) was allowed to self-pollinate and the resultant seeds revealed no segregation for seed colour, with all seeds showing the yellow coloured seed phenotype (data not shown). Based on seed colour phenotypic traits it would be safe to assume that the brown coloured seeds obtained in the F 1 generation would all be hybrids. (Table 1; Li et al. 2011) , only two microsatellite markers, CSM8 and CSM39, produced a genotype (band patterns) that was unique to either the female C05091 or male C00038 parent. In 17 out of 19 individuals of the male parent C00038, a single genotype pattern (band pattern A) was observed using the CSM8 marker, while another specific genotype pattern (band pattern B) was observed with 18 out of 19 individuals of the female parent (C05091). Similarly, when microsatellite marker CSM39 was used to amplify DNA from 19 individuals from the male parent (C00038), 16 individuals showed a single genotype pattern (band pattern C) and 3 individuals showed a different genotype pattern (band pattern D). CSM39 showed a specific genotype pattern (band pattern D) with all 19 individuals from the female parent (Fig. 1) . These results suggest that microsatellite markers CSM8 and CSM39 can differentiate the two parents and therefore can be used to determine the hybridity in the F 2 families derived from a cross between the two parents with different seed colour.
In the F 2 family F 2 -II, in 23 out of 29 individual plants, the microsatellite marker CSM39 revealed the male parent (C00038) specific genotype (band pattern C, Fig. 2A ). The presence of the male parent C00038 specific genotype (band) pattern in the progeny suggests that the family was of hybrid origin ( Fig. 2A) . A similar male parent specific genotype pattern was observed in seven F 2 families (F 2 -I, F 2 -II, F 2 -IV, F 2 -V, F 2 -VII, F 2 -VIII, and F 2 -IX; Table 2 ). However, the microsatellite marker CSM39 could neither confirm nor refute the hybridity of the remaining three F 2 families (F 2 -III, F 2 -VI, and F 2 -X) as none of the individuals of these families showed the male parent specific genotype (Fig. 2B) . However, by using another microsatellite marker, CSM8, an additional two F 2 families (F 2 -III and F 2 -X) were confirmed to be of hybrid origin as they showed 20 of 30 and 28 of 33 individuals with the male parent specific genotype, respectively ( Fig. 2C ; Table 2 ). All individuals of the F 2 family F 2 -VI showed only the female parent genotype, thus indicating that the F 2 -VI family might not be a hybrid.
All seeds of the F 2 families that showed a browncoloured phenotype were tested in this study using SSR markers (Table 2 ). This would indicate that screening for hybridity using SSR markers CSM8 and CSM39 selected for this study was able to confirm hybridity in 9 out of 10 families tested; a success rate of 90% (Table 2) .
The use of microsatellites for assessing true hybrids versus selfed progenies has been demonstrated in tomato (Smith and Register 1998) , maize (Salgado et al. 2006) , rice (Yashitola et al. 2002) , peanut (Gomez et al. 2008) , cotton (Dongre and Parkhi 2005) , and cassava (Vincent et al. 2014) . A set of 35 SSR markers were used to fingerprint two rice hybrids and their parental lines. Six SSR markers were found to be polymorphic across the hybrids and produced a unique fingerprint for two hybrid families (Kumar et al. 2012 ). SSR markers have an advantage of codominant inheritance, easy scoring of the alleles, reproducibility, and accessibility of different laboratories (Paniego et al. 2002) .
Genetic identity assessment of canary seed lines SSR markers have also been used to DNA fingerprint crop cultivars (Russell et al. 1997; Rani et al. 2013 ).
Screening DNA samples from 12 individual control plants of each of the four canary seed lines (C08019, C08046, C09052, and C10022) with 15 SSR primers demonstrated that these control plants were heterogeneous for some loci and homogenous for others. However, none of the markers alone could distinguish between all four control lines. Nevertheless, genotypes (band patterns) based on analysis with three informative SSR markers (CSM58, CSM85, and CSM102) distinguished the four canary seed lines (Table 3) . These SSR markers were selected to perform genetic identity testing for seeds harvested at all four planted plots of each of the four canary seed lines.
Genotyping of 12 plants of each of the four planted plots (C19-A, C19-B, C19-C, and C19-D) of the canary seed line C08019 with the three SSR markers showed a similar pattern to the control plants and hence it was concluded that there was no physical admixture during planting in these four plots. Similarly, the genotyping pattern was similar between all four planted plots of canary seed lines C08046 and C09052 and their control plants. Likewise, the genotyping pattern between three planted plots (C22-A, C22-B, and C22-C) of the canary seed line C10022 and their control plants were similar. However, the genotype (band) pattern of plot C22-D of the canary seed line C10022 did not match the control plants of this line ( Fig. 3; Table 3 ). Instead, the genotype of seeds from this plot was similar to that of the control plants for the canary seed C08046 line and hence the planted plot C22-D of the canary seed line C10022 was misplanted. This implies that the seeds of the canary seed C08046 line were planted in this plot instead of seeds of the canary seed line C10022. These genotyping results with the three microsatellite markers allow us to clearly identify the physical admixture in plot C-22D.
The genetic purity or true-to-type of the seed of a variety is one of the most important characteristics of good quality seed. The genetic purity during the late phases of a breeding program or multiplication stages is at risk of contamination due to outcrossing with foreign pollens or physical admixtures either during seeding (e.g., seed carryover in machinery or volunteer seed in the soil) or during harvest, threshing, and storage. Moreover, use of seeds with low genetic purity may result in segregation of traits. In canary seed, an outcrossing rate of 2.2% was observed between a Table 3 . Assessment of genetic identity using three informative microsatellite markers using a panel of 12 plants for controls and four canary seed lines.
Line Plot
Genotyping pattern with microsatellite markers pubescent-hulled pollinator block (Cantate) and adjacent glabrous (CDC Maria) cultivars. It was concluded that a minimum isolation distance of 27 m will be adequate to minimize outcrossing-derived off-types in the subsequent generation of pedigreed canary seed (Matus-Cádiz and Hucl 2006). With increasing demand for developing new canary seed varieties, quality control in terms of monitoring seed genetic purity at both the parental and hybrid seed production stages is vital for the success of variety development. Considering the inherent disadvantages of GOT for genetic purity analysis, DNA marker-based genetic identity assay as an alternative is receiving more attention. In this study, we have demonstrated in principle the utility of codominant SSR markers to confirm hybridity and test the genetic identity of seeds. The genetic purity test results of rice hybrids with SSR markers were comparable to the conventional GOT results when a few informative SSR markers were selected out of 35 markers and used in the test (Kumar et al. 2012) . Compared with the use of a single SSR marker, multiple informative SSR markers increase the efficiency and accuracy in detecting genetic impurities in rice hybrids (Sundaram et al. 2008 ). The results demonstrate the utility of SSR markers in canary seed improvement as the morphological variation is limited within and among 49 P. canariensis accessions studied previously (MatusCádiz and Hucl 2002). 
